The compressed, incommensurate 9:5 9:5 moiré superstructure of the Ag monolayer on Cu(111) displays a filled surface state band with a Fermi energy gap at the Brillouin zone boundary. By contrast, the surface band is gapless for the less compressed, commensurate 9 9 moiré of two Ag layers. A simple estimate of the energy gain rendered by opening this gap gives a value similar to the elastic energy change required to modify the commensurate structure, thereby suggesting that the 9:5 9:5 incommensurate phase is stabilized by such a gap opening. The possible presence of a charge density wave state is discussed. DOI: 10.1103/PhysRevLett.94.016103 PACS numbers: 68.35.-p, 73.20.-r Nanostructures grown on solid surfaces are of fundamental importance for future device technology. They exhibit electronic and magnetic properties due to their reduced dimensions. New phases appear that do not have a bulk counterpart, e.g., incommensurate phases, which can drive structural phase transitions. Incommensurability is particularly important in the context of cooperative phenomena like superconductivity [1], or spin and charge density wave transitions [2, 3] . In the latter, an incommensurate phase can result from the nesting of the Fermi surface that defines the new lattice constant, which in turn allows a band gap to open up at the Brillouin zone boundary and at the Fermi energy. This lowers the electron energy, balancing the cost to build up the incommensurate phase. In two-dimensional (2D) systems electron energy changes due to band gap openings are relatively small, and hence structural transitions associated with electron band changes are very scarce [4] . In this Letter we provide clear evidence for an electronically driven stabilization of a 2D incommensurate phase, namely, the 9:5 9:5 Ag monolayer on Cu(111).
Nanostructures grown on solid surfaces are of fundamental importance for future device technology. They exhibit electronic and magnetic properties due to their reduced dimensions. New phases appear that do not have a bulk counterpart, e.g., incommensurate phases, which can drive structural phase transitions. Incommensurability is particularly important in the context of cooperative phenomena like superconductivity [1] , or spin and charge density wave transitions [2, 3] . In the latter, an incommensurate phase can result from the nesting of the Fermi surface that defines the new lattice constant, which in turn allows a band gap to open up at the Brillouin zone boundary and at the Fermi energy. This lowers the electron energy, balancing the cost to build up the incommensurate phase. In two-dimensional (2D) systems electron energy changes due to band gap openings are relatively small, and hence structural transitions associated with electron band changes are very scarce [4] . In this Letter we provide clear evidence for an electronically driven stabilization of a 2D incommensurate phase, namely, the 9:5 9:5 Ag monolayer on Cu(111).
In thermal equilibrium, crystal growth is driven by free energy minimization, i.e., the balance between surface energy and the stress energy accumulated at the interface. The latter is originated by the substrate-overlayer lattice mismatch that forces the growing layer to compress or expand in order to adopt a minimum energy configuration. In some cases, the stress energy at the interface is relatively large with respect to the surface energy, and the system breaks into two-or three-dimensional islands. In the layerby-layer growth mode the surface energy of the growing material is very low, and the overlayer smoothly recovers its bulk crystal structure as it becomes thicker. The 1 ML (monolayer) Ag=Cu111 system is an interesting example of layer-by-layer growth in large (13%) mismatched materials. In this case, the Ag monolayer wets the substrate, forming a compressed, out-of-registry 9:5 9:5 moiré superstructure, with a lattice compression of 1:1% with respect to the bulk Ag(111) plane [5, 6] . The question arises why the system favors in this case the out-of-registry 9:5 9:5 structure instead of, for instance, the registry 9 9, with only 0.4% lattice compression. Here we show that this is likely due to the surface electronic structure. Indeed, the Fermi gap is observed only in the surface band of the 9:5 9:5 Ag monolayer, in contrast with the gapless surface band that characterizes the registry 9 9 superstructure of the two Ag layer film. An estimate of the electron energy gain caused by the gap opening is made and shown to be compatible with the elastic energy needed to modify the 9 9 registry reconstruction.
The photoemission experiments were performed at 150 K with a Scienta 200 high-resolution angle resolved hemispherical analyzer. The sample was illuminated with monochromatized photons of h 21:2 eV. Energy and angular resolutions were set to 30 meV and 0:3 , respectively. Ag is deposited on top of a Cu(111) single crystal held at 150 K and shortly annealed to 300 K. This procedure leads to a triangular structure with Cu vacancies and dislocation loops in the substrate [5, 7] . Scanning tunneling microscopy (STM) was carried out in a different chamber and images were taken at 300 K. Figure 1(a) shows the STM topography for a 0.4 ML Ag film. Very large, monolayer thick Ag islands with the characteristic moiré reconstruction can be observed. The low energy electron diffraction (LEED) pattern reveals a hexagonal 9:5 9:5 ordered structure with a slight 2:5 azimuthal rotation with respect to the Cu substrate, as reported previously [5] . In order to have an estimate of the nearest neighbor separation in the compressed Ag(111) overlayer, we may assume that the size mismatch homogeneously accommodates along the close-packed h110i directions of the Cu substrate. Thereby the n n reconstruction leads to a 1 ÿ a Cu =a Ag n=n ÿ 1 lattice compression, with a Cu 3:615
A and a Ag 4:085 A being the (111) close-packed layer with 1:1% lattice compression [8] . Figure 1 (b) shows a photoemission image of the p z -like surface state dispersion along 1 10 for a 0.6 ML Ag film. As pointed out previously by Bendounan et al. [9] , we can observe a double band due to incoherent emission from clean Cu(111) patches (band with minimum at E Cu E F ÿ 435 meV) and from 1 ML thick Ag islands (minimum at E 1 ML Ag E F ÿ 217 meV). The inset shows the second derivative of the spectra around the surface Brillouin zone (SBZ) boundary for a better visualization of the band topology. There is a striking difference between Ag and Cu bands. The Cu band clearly displays Fermi level crossing, whereas the Ag band backfolds at 0:15 A ÿ1 , i.e., at the SBZ boundary of the 9:5 9:5 moiré structure (marked with vertical dotted lines), leading to a clear SBZ gap that opens up at the Fermi energy. Figure 2 shows the surface state evolution from 1 to 2 ML. For 2 ML the surface band is shifted to E F ÿ 165 meV, in agreement with previous observations [9] . The 2 ML band displays zone folding as in the 1 ML case, but the surface zone boundary increases to 0:16 A ÿ1 , which corresponds to half of the reciprocal lattice vector for a (9 9) moiré reconstruction. This agrees with STM and LEED that display a (9 9) pattern. Thus the lattice compression with respect to bulk Ag(111) in the 2 ML surface is reduced to 0.4%, and the system has recovered a registry reconstruction.
By contrast with the 1 ML band, the 2 ML band does not show any gap opening at E F . Gap values are quantitatively analyzed in Fig. 3 . Features that lie within 2k B T of E F are cut off by the Fermi edge. Peaks above E F can thus be visualized by normalizing the energy distribution curves PRL [10] . Indeed, for 0.6 and 1 ML two Ag peaks may be observed, one above and one below the Fermi energy, which, respectively, correspond to the upper and lower band gap edges. For the 2 ML Ag=Cu111 case the surface state crosses clearly the Fermi energy, and hence the peak above E F corresponds to the lower edge of the gap. The accurate position of the band gap edges is obtained from a standard line fit of the photoemission spectra in Fig. 3 using Lorentzian functions for the photoemission peaks, convoluted with Gaussian lines and Fermi edge functions [11] . The lower edges of the zone-boundary gaps are found at ÿ65 5 and 17 5 meV for 1 and 2 ML, respectively. The upper edge of the gap for 1 ML is found at 21 5 meV. Thus for 1 ML the zone-boundary gap amounts to 86 10 meV and straddles the Fermi level, whereas for 2 ML any SBZ gap would be fully located above E F .
In a two-band model, the Fourier component of the electronic potential V G that opens the zone-boundary gap is given by V G =2. From the experimental data in Fig. 3 we get V G 43 meV. This value is consistent with the variation of the effective electron potential induced by a periodic modulation of the silver monolayer along the 1 10 direction, i.e., following the 9:5 9:5 moiré with a vertical 2z 0:3 A modulation [5] . Indeed, we can estimate the interaction energy of this modulation within the harmonic approximation for the deformation potential. The relevant phonon frequencies for that motion lie between 12 and 20 meV [12] . Considering an average value for the phonon frequency of h! 16 meV, and an average atom displacement of z 0:15 A, the estimated interaction energy is E 1=2M Ag z 2!2 74 meV, with M Ag being the mass of a Ag atom. If we assume that the major contribution to this energy comes from the interaction between the surface state charge in a fully occupied band (n G e 2; see below) and the periodic moiré potential V V G e iGr , then E R V n e V G n G e , and hence we obtain an upper limit estimation for V G 37 meV.
Next we test whether the surface energy gain obtained by opening the Fermi gap is compatible with the extra elastic deformation that is required to modify the overlayer reconstruction. Early tight binding calculations for pseudomorphic Ag monolayer moirés on Cu(111) indicate slight changes in surface energy around a 9 9 equilibrium structure [13] . The surface energy per Ag atom is found to change only within U 4 meV when compressing the Ag layer from the 8 8 structure up to the 10 10 one, despite the large 1:7% lattice compression in the latter. This suggests that, although a commensurate reconstruction can be expected as the equilibrium configuration (and, indeed, observed for the 2 ML band in Fig. 2 ), a nearby, intermediate incommensurate reconstruction would suppose only a minor elastic energy increase.
Furthermore, from the point of view of the lattice compression, since a minor change in the lattice parameter is involved, the change U from the commensurate 9 9 to the incommensurate 9:5 9:5 could be much less than 4 meV. A crude estimate upper bound can be obtained by comparing the elastic energy needed to compress (111) planes in a Ag crystal. Such energy is given by the equation U A [14] , one obtains an estimate for the change in elastic energy from the 9 9 to the 9:5 9:5 structures of U 0:48 meV [15] .
The increase U in elastic energy should be balanced by the electronic energy gain of the 9:5 9:5 reconstruction. The gain in surface energy produced by the gap opening in the 1 ML surface band can be estimated from the difference in the electron energy in the 2D band with and without the zone-boundary gap, as shown in Fig. 4 . In both cases we assume the effective mass m 0:41m e (m e being the electron mass), which is measured around the zone center in the actual 1 ML band. The surface electron energy per unit area in each case is given by
D accounts for the density of states, which is defined as where dS E is an area element of the constant energy surface perpendicular to k. Equations (1) and (2) are numerically integrated for the measured 1 ML band of Fig. 4 and assuming isotropic dispersion in the surface plane. This results in E SS 2:4 meV per Ag surface atom. In contrast, the energy for a free-electron band with the same effective mass is E SS 2:8 meV=atom. Thus, there is a 0:4 meV=atom gain by opening the gap at the zone boundary, very close to the previous estimate of the elastic cost U. Figure 4 strongly suggests that the 9:5 9:5 Ag monolayer represents a 2D charge density wave (CDW) state. It describes a perfect nesting along the 1 10 directions of the surface, with the wave vector of the Ag monolayer band equaling half of the 9:5 9:5 superstructure lattice constant. On the other hand, there is full occupation of the surface band for a (9:5 9:5) reconstruction. The total charge carried by the surface state is calculated by integrating the density of states up to the Fermi energy. It is the same for the two bands in Fig. 4 (with or without gap), and hence there is no need to know the detailed Fermi surface of the actual 1 ML band. For a free-electron-like surface state, Eq. (2) gives the constant value of D m =2 h 2 . The charge carried by the 1 ML band in Fig. 4 is estimated as n Ag;ML D E Ag;ML 0:021 per Cu surface atom, which directly converts into n G e 1:9 electrons for a 9:5 9:5 unit cell. Given the uncertainty in effective mass and surface state energy, this number indicates full band occupation.
An upper estimate of the transition temperature T CDW for the CDW state can be obtained from the gap value and using the mean field theory formula 3:5k B T c . In the present case 86 meV gap and hence T CDW 295 K. However, first measurements taken at 300 K do not show remarkable differences in the gap value, suggesting that the CDW could be pinned in the present 9:5 9:5 triangular structure.
In summary, we have observed a zone-boundary gap at the Fermi energy for 1 ML Ag on Cu(111), which could explain the incommensurate 9:5 9:5 moiré superstructure that characterizes this system. Such a gap leads to an electron energy gain which is estimated to be sufficient to balance the elastic energy required to modify nearby commensurate reconstructions. Our analysis suggests that this incommensurate 9:5 9:5 moiré represents a charge density wave state, which encourages further temperature-dependent Fermi surface measurements.
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